um radical nitróxido do tipo piperidiniloxi (3). As fibras FBC-AP foram também acetiladas com anidrido acético. A fotossensibilidade dessas fibras à radiação UV foi avaliada comparativamente, empregando coordenadas Lab color, assim como pela monitoração dos seus espectros de reflectância difusa no UV-Visível. As fibras FBC mostraram-se fotoestáveis, enquanto que as FBC-AP apresentaram certa sensibilidade à radiação UV. A estabilidade das FBC deve-se à presença de unidades do composto fotoestável p-hidroxifenilpropano, proveniente dos fragmentos de lignina. As fibras FBC enxertadas e não-enxertadas apresentam comportamentos similares frente à radiação UV e Visível enquanto que as FBC-AP enxertadas são fotoestabilizadas pela presença de 2 ou 4, ou ambos. A acetilação das fibras FBC-AP induz a fotoestabilização, em adição a certo efeito de fotoalvejamento. O fotoalvejamento foi também apresentado por medidas de emissão de fluorescência. Como conseqüência dessas observações, as fibras FBC devem ser consideradas como materiais lignocelulósicos com elevado potencial de aplicação em ambientes externos.
Introduction
Fibers obtained from biomass are cheap, non-toxic and easily recyclable. Their use contributes to environmental protection. 1 Among them, sugarcane bagasse is a poorly valorized waste residue from sugar and alcohol industries.
It is usually burnt for energy supply. Valorization of this material includes pulps, 2 thermoset composites, 3 outdoor usages, 4 cement strengtheners 5 and materials for cleaning water from heavy metal contaminants. 6 Another important research field involving this material is its bioconversion to produce protein rich animal aliment, enzymes, amino acids and pharmacological compounds. 7 Lignocellulosic materials are sensitive to irradiation in the range from 300 to 400 nm and up to 500 nm for some wood species. [8] [9] [10] Color modification of lignocellulosic materials on UVVisible light exposure was mainly attributed to lignin. 10 Abstraction of benzylic hydrogen by peroxides, followed by cleavage of β-O-4 bonds, is the major lignin depolymerization pathway. 11, 12 Phenoxy radicals are key intermediates because they are further oxidized into colored chromophores 13 such as ortho-and paraquinones.
14, 15 Recently, we have shown that dibenzodioxocin units of lignin are photoreactive, due to the cleavage of their α-O-4 and β-0-4 bonds, and contribute to the breakdown of the lignin polymer. 16 It is possible to limit to some extent the photodiscoloration of peroxide bleached lignin-rich pulps, to use them for printing papers as substitute of bleached kraft pulps, by impregnating, coating or grafting with mixtures of UV-absorbers and radical scavengers (and/ or antioxidants). [17] [18] [19] [20] Coating is one of the most effective treatments to protect wood, 21, 22 whereas chemical modification of wood by esterification met some success. 23, 24 For clear woods, the combined action of hydroxybenzophenone or hydroxyphenylbenzotriazole UV absorbers and antioxidants such as hindered amine light stabilizers (HALS) or polyethylene glycols is quite efficient, 25 especially when the additives are grafted at the wood surface. 26 Titanium, zirconium, manganese, chromium, iron or copper derivatives confer some photoprotection to wood. 27, 28 Polyester binders containing benzotriazole and HALS or waterbased UVcured polyurethane-acrylate coating were also developed for the same goal. 29, 30 Our present research interest concerns ways to transform sugarcane bagasse fibers into useful materials, such as board and composites. 31, 32 For board materials in outdoor uses, their photostability might be questionable and the photochemical behavior of these fibers to UVVisible irradiation needs basic knowledge. Very recently, 33 we have shown that acidolysis lignins of peroxide bleached and unbleached bagasse fibers present a high content in p-hydroxyphenylpropane units compared to hardwood and softwood. Both lignins are degraded by UV light, but among the photoreactive phenols, hydroxyphenyl units are the most resistant.
The present work describes an approach of the photodegradation by UV-Visible light of sugarcane bagasse fibers (hydrogen peroxide bleached or not) and some attempt to protect them by acetylation or grafting of a hydroxyphenylbenzotriazole ultraviolet absorber, 1, or a hindered nitroxide compound, 2,2,6,6-tetramethyl-4-hydroxypiperidine-1-oxyl radical, 3, or a mixture of 1 and 3 (Scheme 1) . The photocoloration of the fibers was estimated by measuring their color L*, a* and b* coordinates, their UV-Visible diffuse reflectance spectra versus irradiation time and for the acetylated fibers their fluorescence emission by comparison to non-acetylated fibers.
Experimental

Fibers
The sugarcane fibers were obtained from CIRAD, Réunion Island (France). They were extracted (soxhlet) with cyclohexane/ethanol (1/1, v/v) for 48 h and then with water for 24 h. The fibers were dried in an aircirculated stove (60 °C) until constant weight. The bleached fibers (50 g) were placed in a polypropylene bag and treated with a mixture of Na 2 SiO 3 , 5H 2 O (3.15 g); MgSO 4 , 7H 2 O (0.25 g); DTPA (0.125 g) and NaOH (0.75 g) in water (280 mL). Hydrogen peroxide (35%, 2.6 mL, 2% by reference to dry fibers) was added to the mixture and heated at 55 °C for 2 hours. The fibers were filtered and washed with water. The bleaching procedure was repeated once. At the end, fibers were washed with dilute hydrochloric acid and water to bring the pH near 5 and finally dried in an air-circulated stove (60 °C) until constant weight.
Alkaline hydrogen peroxide bleached fibers (6.1 g) were placed in a 500 mL flask with 12.5 mL of acetic anhydride, 12.5 mL of dried pyridine and 100 mL of dimethylformamide. The mixture was heated at 60 °C with magnetic stirring for 12 hours. The fibers were filtered, thoroughly washed with ethanol and acetone to remove the remaining chemicals and dried at room temperature for 12 hours and then over phosphorous pentoxide.
Physical methods and ultraviolet irradiations
The UV-Visible diffuse reflectance spectra were registered on a Perkin Elmer Lambda 18 spectrometer equipped with an integrating sphere (Labsphere, 150 mm). FTIR spectra were obtained with a Perkin Elmer Paragon 1000-PC spectrometer. Color measurements on fibers were performed using a L&W Elrepho reflectometer according to ISO 2470 standard which gives the values of L*, a*, b* in the CIE-LAB system. The fluorescence spectra of the solid samples were measured with a Spex Fluorolog fluorimeter using a front face setup ensuring maximum fluorescence intensity with the minimum scattered light emission. The emission spectra were corrected for instrumental response of the emission 765 Photodegradation of Sugarcane Bagasse Fibers Vol. 17, No. 4, 2006 monochromator-photomultiplier system. NMR spectra were recorded using a Bruker DPX400 spectrometer. For artificial light ageing, the fibers were placed in a Pyrex container, disposed on a rotational support to ensure uniform irradiation (5 cycles min -1 ), surrounded by a Pyrex glass jacket with water circulation to dissipate the heat produced by two parallel medium-pressure mercury lamps (400 W). The Pyrex vessel eliminates wavelengths below 300 nm, very detrimental for the cellulose fibers. With this setup, the temperature experienced by the fibers does not exceed 30 °C. After each irradiation period, the fibers were pressed to form a pad for measuring color data and recording diffuse reflectance UV-Visible spectra.
Synthesis of 1 and 3 derivatives
The UV-absorber isocyanate, 2-benzotriazol-2-yl-4-(isocyanato-ethyl)-6-tertiobutylphenol, 1 (Scheme 1) was synthesized according to a procedure already described. 26 The 1 H and 13 C NMR spectra of compound 1 confirm its structure. 26 The synthesis of 3 (Scheme 1) needed the preparation of 2,2,6,6-tetramethyl-4-hydroxypiperidine-1-oxyl radical. 34 Oxone (36.6 g, 59.5 mmol) in water (200 mL) was added dropwise to a mixture of 2,2,6,6-tetramethylpiperidine-1,4-diol (Aldrich, 3.96 g, 25.2 mmol), acetone (10 mL) and phosphate buffer (Aldrich, 50 mL). A potassium hydroxide solution (10%) was added simultaneously to keep the pH at 7.5-8. After 2 h stirring at room temperature, the mixture was extracted with methylene chloride. After crystallization, an orange solid (1.48 g, 34%) was obtained. mp 68-69 °C (methylene chloride).
1,6-Hexamethylenediisocyanate (0.52 g, 3.1 mmol) in tetrahydrofuran (25 mL) at room temperature under nitrogen atmosphere was added slowly (3 h) to a solution of freshly prepared 2,2,6,6-tetramethyl-4-hydroxypiperidine-1-oxyl radical (0.54 g, 3.1 mmol) in tetrahydrofuran (20 mL). After the addition, the mixture was refluxed for 1 h. 
Grafting of 1 and 3 derivatives onto bagasse fibers
Compound 1 (60 mg) in acetone solution (100 mL) was added to dried sugarcane bagasse fibers (6 g accurately weighted). After 30 min stirring, the solvent was evaporated and the grafting was achieved by heating the fibers for 1 h at 80 °C. The fibers were washed several times with acetone (5×50 mL) and dried for 4 h, at 80 °C. This procedure was shown to be appropriate to graft UV-absorber and HALS isocyanates onto lignocellulosic materials, 26 despite no evidence of the grafting was obtained by FTIR or CP-MAS NMR spectroscopies. The grafting procedure was repeated to obtain at about 1% (m/m) grafting, 2. This value was estimated by measuring the weight gain of fibers before and after reaction; it corresponds to the amount of non-reacted 1, measured by UV absorption spectrometry.
Compound 3 (120 mg) in acetone solution (100 mL) was added to dried sugarcane bagasse fibers (6 g accurately weighted). After 1 h stirring, the solvent was evaporated and the grafting was achieved by heating the fibers for 2 h, at 80 °C. The fibers were washed several times with acetone (5×50 mL) and dried for 4 h, at 80 °C. This procedure was duplicated to obtain at about 1% (m/m) grafting, 4. This value was estimated by measuring the weight gain of fibers before and after reaction; it corresponds to the weight of non-reacted 3.
The same experimental procedure was adopted to graft both 1 and 3 on fibers. For this purpose, a mixture of the two compounds was used, the residual 1 was titrated by UV absorption spectroscopy. The amounts of grafted 1 and 3 were estimated at about 0.5% for each compound.
Results and Discussion
Bleaching action of hydrogen peroxide on fibers
The action of H 2 O 2 in alkaline medium on sugarcane fibers induced a visual bleaching effect; it is less efficient than for wood fibers due to the presence of cinnamic acids. 35 This change is mainly due to the luminance of fibers, the L* value increasing drastically (SCB: 75; PB-SCB: 84), giving a brighter aspect to the bleached fibers. The green-red component coordinate a* is almost not affected by the alkaline-peroxide treatment (SCB: 1.6; PB-SCB: 1.4) whereas the blueyellow coordinate b* increases after bleaching (SCB: 19.4; PB-SCB: 21.2), in accordance with the yellow aspect of the fibers.
Photocoloration of fibers after grafting of UV-absorber and/or hindered nitroxide
The choice of grafting UV-absorbers and hindered nitroxide isocyanates on fibers, as protecting agents, was made according to the good results observed on high-yield pulps and clear woods when hydroxyphenylbenzotriazole UV-absorber and HALS or HNOradical scavenger types were used. 17, 26, 30 The grafting does not modify in a large extent the color coordinates of SCB fibers (Figure 1a) , whereas those of PB-SCB are more affected, especially the luminance L* when UV absorber is grafted (Figure 1b) . It is likely that the bleaching changes the surface of the fibers and during the condensation of the isocyanate group, this surface is modified again, affecting the scattering of the fibers, which contributes to the luminance.
UV-Visible light emitted by the medium-pressure mercury lamps induces brightening (L* coordinate) of the SCB fibers (Figure 1a) . This might be due to the general well-known photobleaching effect observed when colored woods are exposed to visible light. 8 The presence of 2 or 4, alone or in combination, have no great influence on this phenomenon. Similar effects were observed for oak wood grafted with UV-absorbers and HALS. 26 By contrast, continuous decrease of luminance coordinate is observed for PB-SCB fibers under irradiation (Figure 1b) . Grafting the bleached fibers with hindered nitroxide 4 stabilizes the luminance at a high level, whereas the presence of 2 lowers it, but keeps its value quite constant under irradiation. Half concentration of 2 and 4 on fibers (total grafting at about 1%) does not bring protection by contrast to peroxide bleached high-yield pulps. 36 This is probably related to the antioxidant mobility (important in pulps and reduced in grafted PB-SCB fibers), because it has been shown that hindered nitroxides are acting as protectors of 2. 37 This mechanism cannot operate completely when the local concentration in 4 is too low.
The green-red coordinate a* of SCB fibers does not change so much when fibers are exposed to UV-Visible light. Grafting hindered nitroxide 4 does not affect this behavior (Figure 2a) . By contrast, fibers grafted with 2 show a slight increase of a* in the first hour of irradiation, and remains constant after longer irradiation times (Figure 2a ). This sensitivity might be ascribed to a non-planar conformation of the hydroxyphenylbenzotriazole molecule, which precludes proton transfer between the phenol and a triazole nitrogen, involved in the protecting effect. 17 The usual sensitivity of peroxide bleached lignocellulosic materials to UV light 9 is observed for PB-SCB fibers (Figure 2b ). The formation of red ortho-quinones by demethoxylation of guaiacyl and syringyl phenols of lignin are likely responsible for the a* increase under irradiation. 9 The presence of 4 on peroxide bleached fibers provides them with an important photostability. This observation is comparable to the general action of 4 on lignin-rich pulps. 17 The increase of a* coordinate noted for SCB fibers grafted with 2 is also observed for PB-SCB fibers. The presence of both 2 and 4 grafted on PB-SCB fibers induces a* constancy at a value higher than for SCB fibers, when they are irradiated.
The blue-yellow coordinate b* of SCB and PB-SCB is not very sensitive to photoirradiation of fibers (curves not shown). However, a slight increase is noted for SCB (b* t=0 : 19.4; b* t=16h : 20.7) which might be due to the formation of yellow chromophores such as paraquinones. 15 Grafting 1 or 3 or both on SCB fibers, leads to a decrease of b* value in the first half hour irradiation; b* remains practically constant after this time period (curve not shown). It seems that photogeneration of para-quinones from their corresponding hydroquinones (absorbing in UV region) 38 is diminished by the presence of UV absorber or hindered nitroxide.
Diffuse reflectance spectra (expressed in pseudo absorbance units, Log (1/R)) of all fibers, grafted or not, have been recorded. They confirm the Lab data. As an example in Figure 3 , the curves of SCB and PB-SCB fibers before and after 16 hours irradiation time are presented. The similarity between irradiated and non-irradiated SCB fibers (Figure 3a) underlines the exceptional photostability of these natural fibers. The peroxide bleaching induces light sensitivity, a new absorption band being formed between 400 and 650 nm, in accordance with the decrease of L* value during irradiation (Figure 3b ). Similar results have been observed for lignin-rich softwood pulps. 9 The protective role of 4 is clearly seen in Figure 4c , where the irradiated and non-irradiated grafted PB-SCB fibers display similar diffuse reflectance spectra. The same conclusions can be drawn with 2 or both 2 and 4 grafted fibers (spectra not shown).
We have shown recently 33 that para-hydroxyphenylpropane units (H) in acidolysis sugarcane bagasse lignin are much more photostable than the guaiacyl (G) and syringyl (S) ones. The presence of large amounts of H component versus G and S in SCB fibers 32 might partially explain the remarkable photostability of unbleached sugarcane fibers. The bleaching by hydrogen peroxide removes quinones and cinnamaldehydes, but introduces peroxy and hydroperoxy compounds in the lignin polymer, which are very sensitive to UV-Visible light. Therefore the needs of protective agents such as hindered nitroxide and UVabsorber appear necessary for bleached fibers but unnecessary for natural fibers.
Photocoloration of peroxide bleached fibers after acetylation
Another way to photostabilize bleached mechanical pulp involves acetylation employing acetic anhydride. 39 Although acetylation concerns polysaccharides and lignin, the photostabilization effects are generally attributed to acetylation of lignin, with phenolics being preferentially acetylated over aliphatic hydroxyl Figure 2 . Evolution of green-red coordinate a* of SCB fibers versus irradiation time (see Figure 1) . J. Braz. Chem. Soc. groups. 39 It is known that free phenolic groups in lignin play a key role in the photochemistry of lignocellulosic fibers; 25 however, Heitner 40 showed that acetylation decreases the extent of photodegradation by hindering the cleavage of β-0-aryl ether groups and consequently the production of phenoxy radicals and lignin chromophores. The conversion of ortho-quinones by Thiel-Winter reaction to their triacetate derivatives is also beneficial to reduce the photoyellowing of the fibers. 39 We have used the acetylation procedure to improve the photostability of the bleached fibers, the unbleached ones being photostable enough (vide infra). In addition to UV-Visible diffuse reflectance spectroscopy and color measurements, fluorescence emission versus irradiation time was measured for acetylated and nonacetylated fibers. We have shown 33 on lignin, extracted from PB-SCB by soft acidolysis, that fluorescence reveals the photodegradation process: e.g. orthoquinone formation in the beginning of irradiation, followed by photochemical breakdown of enone structural elements, which allows the fluorescence of aromatic chromophores of lignin to be seen at short wavelengths.
The FTIR spectra of PB-SCB fibers in KBr pellets ( Figure 4) show an intense band at 1750 cm -1 , which is characteristic of the carbonyl group in acetylated fibers. The presence of an intense band at 3427 cm -1 (ν OH ), even after acetylation, is due to non-acetylated aliphatic hydroxyl groups and carboxylic acids, whereas phenolics are usually esterified. 39 The other bands in the spectra are typical of lignocellulosic fibers. 10 The diffuse reflectance spectra of acetylated fibers before and after 16 hours irradiation (Figure 3d ) indicate an increase of pseudo-absorbance in the UV region and a shift from 300 nm to 280 nm. This effect is not observed on the non-acetylated fibers. An isomerization mechanism (E/Z) involving the double bond of cinnamic acids, located as pendent groups, might compete on acetylated material, because other degradative pathways are reduced by acetylation. As observed on other acetylated lignocellulosic materials, a photobleaching effect is detected in the visible region due to the photolysis of quinonoid structures. 39, 40 The color data confirms the photobleaching effect, the luminance increases from 82.6 to 88.4 (Figure 1b) , whereas the green-red color parameter a* (Figure 2b ) is negative after acetylation, due to the reactivity of colored quinones. The irradiation induces a slight increase followed by a decrease, of the a* coordinate, in accordance to the formation and photolysis of ortho-quinones (vide infra). The b* parameter measures the color variation from blue to yellow. Acetylation increases the b* value in accordance with the deeper yellowish aspect of the fibers after reaction. For this color parameter, a decrease is observed upon irradiation (curve not shown), in accordance with the photodegradation of quinones, the para-quinones being more involved in the yellow part of the spectrum.
Fluorescence emission studies on non acetylated fibers (Figure 5a ) show a slight intensity increase at the beginning of irradiation and then a continuous decrease of the intensity is measured; a more structured spectrum is observed with two peaks at 430 and 470 nm. This effect is the opposite as it was observed for acidolysis lignin in solution (vide infra). The photophysical and photochemical processes are not the same in the solid state and in solution, due to different lifetimes of the formed radical species, for example phenoxy radicals, key intermediates in the photodegradation process. Formation of complex enones in the solid state, that quench the fluorescence of aromatic structures, such as biphenyls and stilbenes, might account for the observed behavior of the PB-SCB fibers. For the acetylated fibers, the fluorescence emission displays a large band between 400 and 600 nm, which increases at the beginning of the irradiation. After 16 hours irradiation, a slight intensity decrease is detected; a better definition of the spectrum is seen, with a well defined peak at 480 nm and a shoulder at 438 nm. For acetylated fibers, the acetylation of phenols limits their involvement at the beginning of the process. So, the bleaching action of light on colored chromophores might occur, as it was observed by UV-Visible diffuse reflectance spectrometry. After 16 hours irradiation time, the oxidative process is occurring on phenols, formed by cleavage of β-0-aryl ether groups, producing enones that quench the fluorescence of the aromatic structural elements.
Conclusions
Sugarcane bagasse fibers are close to hardwood fibers when considering their chemical composition and their lignin and carbohydrate contents. Using them as substitute of wood fibers in many applications might be of great interest. The present study has established that they display a high color photostability without using protective treatments such as acetylation or coating with UV absorbers and/or hindered nitroxides, as needed for clear wood fibers. Their high content in p-hydroxyphenylpropane units compared to hardwood and softwood induces a low photosensitivity to light. The use of acetylation or UV-absorber and hindered nitroxide stabilizers appears only necessary when clear material is needed, which involves a peroxide bleaching stage. The high photostability of sugarcane bagasse fibers appears to be an important factor to promote their use to prepare materials susceptible to be exposed to light. grant. R.R. thanks CAPES for financial support. A.E.H.M. is grateful to CNPq (National Council of Scientific and Technologic Development) for attribution of a research productivity fellowship.
